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Phospholipase A2 catalyses the hydrolysis of the ester bond of 3-sn-phos-
phoglycerides. Here, we report the crystal structures of the free and anisic
acid-bound triple mutant (K53,56,120M) of bovine pancreatic phospho-
lipase A2. In the bound triple mutant structure, the small organic molecule
p-anisic acid is found in the active site, and one of the carboxylate oxygen
atoms is coordinated to the functionally important primary calcium ion.
The other carboxylate oxygen atom is hydrogen bonded to the phenolic
hydroxyl group of Tyr69. In addition, the bound anisic acid molecule
replaces one of the functionally important water molecules in the active
site. The residues 60–70, which are in a loop (surface loop), are disordered
in most of the bovine pancreatic phospholipase A2 structures. It is interest-
ing to note that these residues are ordered in the bound triple mutant
structure but are disordered in the free triple mutant structure. The
organic crystallization ingredient 2-methyl-2,4-pentanediol is found near
the active site of the free triple mutant structure. The overall tertiary
folding and stereochemical parameters for the final models of the free
and anisic acid-bound triple mutant are virtually identical.
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Introduction

Phospholipase A2 (PLA2; EC 3.1.1.4) is an extra-
cellular, calcium-dependent lipolytic enzyme that
cleaves specifically the sn-2 fatty acid ester bond
of L-glycerophospholipid. Arachidonic acid is the
precursor of the eicosanoid mediators of several
inflammations, for example thromboxanes and

prostaglandins, and blood platelet aggregation.
Several PLA2s have been extracted from mam-
malian pancreas, which require calcium ion for
their enzymatic activity. In view of this pharmaco-
logical interest, considerable attention has been
paid to selecting potential inhibitors of the enzyme
and designing a suitable drug. To this end, several
crystal structures of tetrahedral mimic inhibitors
complexed with PLA2 from different families are
available.1 –6 These studies have generated
immense pharmacological interest and shed light
on the mechanism of action of PLA2. In addition,
other inhibitors (without the tetrahedral mimics of
phospholipids) are available (but fewer) in the
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literature.7 – 11 Recent biochemical studies indicated
the binding of anisic acid ( p-methoxy benzoic
acid) to the basic PLA2 from Vipera russelli
venom.12 To gain further understanding and
unravel the mode of binding of anisic acid, we
have co-crystallized anisic acid with the triple
mutant (K53,56,120M) of bovine pancreatic PLA2.
The reason for studying this triple mutant is as
follows.

The interfacial-binding site is a unique feature
and one of the important structural features for
the catalytic reaction of PLA2.13 – 16 The importance
and involvement of the interfacial binding residues
in interfacial catalysis have been outlined.17 – 21 Yu
et al.22 have suggested a concurrent role for several
cationic residues, possibly Lys53, Lys56, Lys120
and Lys121, in determining the anionic interface
preference of these diverse types of secreted
PLA2. They have shown that the lysine-to-
methionine substitution of residues 53, 56, 120 and
121 eliminates the anionic interface preference of
the wild-type (WT) and enhances its preference
for the zwitterionic interface. Recently, the crystal
structure of triple mutant (K56,120,121M) reported
from our laboratory (involving three of the four
cationic residues) revealed the position of the
secondary calcium ion for the first time in the
history of bovine pancreatic PLA2.23 In view of
the above, we have undertaken the crystal struc-
tures of the free and complex forms of the triple
mutant (K53,56,120M) of bovine pancreatic PLA2.
The structural details and results are discussed
below.

Results and Discussion

Free triple mutant structure

A very clear electron density was observed for all
the regions in the protein model, except the surface
loop (residues 60–70). This region is generally dis-
ordered in most of the bovine recombinant PLA2
structures reported in the literature. Table 1 gives
the root-mean-square deviations (rmsd) from the
ideal geometry for the bond lengths, bond angles
and dihedral angles. From the s(A) method, the
coordinate error is estimated to be 0.18 Å. The
program PROCHECK was used to assess the
quality of the final model.24 A total of 93.6% of
the residues are found in the most favored regions
of the Ramachandran plot and the remaining
residues are in the additionally allowed region.25

None of the residues is in the disallowed region.
The relevant refinement and stereochemical par-
ameters are given in Table 1. A ribbon diagram of
the structure of the free triple mutant is shown in
Figure 1.

The backbone atoms of the free triple mutant
structure show an rmsd of 0.36 Å with the trigonal
WT enzyme, the starting model.26 This suggests
that the overall folding of the free triple mutant
structure is very similar to that of the WT enzyme.

As found in the trigonal and orthorhombic WT
enzymes of PLA2, the active-site cleft consists of
the commonly found five water molecules (see the
discussion below for details) including the con-
served structural water molecule. In addition, a
2-methyl-2,4-pentanediol (MPD) molecule from
the organic solvent used in crystallization binds
near the active site (Figure 2). The catalytically
important primary calcium ion has seven ligands,
which exhibit pentagonal bipyramidal
coordination.

Triple mutant with anisic acid bound

The quality of the protein model was very good
as assessed by the program PROCHECK.24 The
Ramachandran plot25 showed that all (f,w) angles
are in the most favored and additionally allowed
regions, with none of the residues in the dis-
allowed region of the plot. The s(A) method indi-
cated an estimated error of 0.12 Å in the atomic
coordinates. A summary of the refined model and
the relevant geometrical parameters are given in
Table 1. The electron density is very clear for
almost all the regions of the model. In contrast to
the observation from the free triple mutant
structure, it is interesting to note that the electron
density is very clear for all the residues in the sur-
face loop (residues 60–70) (Figure 3). Here, the

Table 1. Crystal and other pertinent geometrical par-
ameters of the free and bound triple mutant (K53,
56,120M) of bovine pancreatic PLA2

Free triple
mutant

Triple mutant þ
anisic acid

Unit cell parameters
a (Å) 46.76 46.61
b (Å) 46.76 46.61
c (Å) 102.71 102.68
Space group P3121 P3121
Resolution range (Å) 19.9–1.85 19.8–2.6
No. observations 76,651 22,211
Unique reflections 11,084 3957
Rmerge (%) 6.0 15.1
Cumulative completeness (%) 95.0 92.2
Rwork (%) 19.3 18.7
Rfree (%) 23.2 24.1
Protein model

Protein atoms 954 954
Bound calcium ion 1 1
Water molecules 85 43
MPD/inhibitor atoms 8 11

RMS deviations from
Ideal bond lengths (Å) 0.005 0.006
Ideal bond angles (deg.) 1.2 1.2
Ideal dihedral (deg.) 22.2 22.0
Ideal improper (deg.) 0.70 0.72

Average temperature factors (Å2)
Main-chain atoms 27.9 23.6
Side-chain atoms 31.4 28.3
Water molecules 39.2 33.3
Calcium ion (Ca2þ) 23.0 21.1
MPD/inhibitor atoms 45.8 37.1

Rmerge ¼
P

hkllI 2 kIll=
P

I; where I is the observed intensity
and kIl is the average intensity from observations of symmetry-
related reflections, respectively.
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active site is occupied by the anisic acid molecule
and the electron density is shown in Figure 4.
Three of the five commonly found water molecules
are found to be missing (see below for details). The
backbone a-carbon atoms of the bound triple
mutant structure superpose well with the trigonal
WT enzyme, with an rmsd of 0.28 Å. Large
deviations are seen in the surface loop residues.

The a-carbon atoms of the free and bound triple
mutant structures reported here superpose very
well, with an rmsd of 0.32 Å, indicating that the
overall tertiary fold is almost identical. On the
other hand, there are several significant differences
between the free and the anisic acid-bound
structures, which are addressed in detail in the
following sections.

Five active-site water molecules

Five water molecules are generally found in the
active site of bovine pancreatic PLA2 structures
and are believed to be intimately involved in the
enzymatic function of PLA2. These five water
molecules were observed in the free triple mutant
as described here. Out of the five water molecules,
two water molecules are involved in providing
coordination (axial, W12, and equatorial, W5) to
the functionally important primary calcium ion
(Figure 2). The other two water molecules (catalytic
water (W6) and second water (W7)) are hydrogen
bonded to the imidazole nitrogen atom of His48.
These water molecules lie on either side of the imi-
dazole ring of His48. The histidine water molecules

Figure 1. The backbone tracing of the free triple
mutant. The surface loop residues (60–70) and the cal-
cium-binding loop (27–34) are indicated with the residue
numbers at the beginning as well as at the ends. This
Figure was produced using the program MOLSCRIPT.44

Figure 2. The difference electron density map showing the presence of the MPD molecule in the active site of the free
triple mutant structure. In addition, the electron density is shown for the two histidine water molecules, catalytic water
(W6) and second water (W7). The water molecule W6 is 0.9 Å above the His48 imidazole plane, whereas W7 is 1.76 Å
below the plane.
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subtend an angle of 698 at Nd1.27 Earlier, we
proposed that the second water molecule could be
assisting the catalytic water molecule in the tauto-
merization of His48 for enzyme hydrolysis. The
remaining water molecule, designated the con-
served structural water molecule, is found in
almost all PLA2 structures studied so far. This
water molecule forms a network of hydrogen
bonding to the surrounding residues (Ala1,
Asp99, Tyr52, Tyr73 and Pro68) and has been

proposed to serve as a link between the active site
and the interfacial recognition site.28,29

The inhibitor oxygen atoms generally replace
three (two calcium-coordinated water molecules
and catalytic water) of the five important water
molecules.1 – 6 Surprisingly, in one of the PLA2-
inhibitor complex structures,7 only the equatorial
calcium-coordinated water molecule is replaced
by the oxygen atoms of the inhibitor n-dodecyl
phosphorylcholine. In the structure of the triple

Figure 3. A stereo view of the electron density ð2lFol2 lFclÞ map showing the ordered surface loop residues 60–70 in
the bound triple mutant structure. The electron density is generally very clear, except for the side-chain atoms of the
residue Val65.

Figure 4. Stereo view of the omit electron density map contoured at the 1.0s level showing the electron density for
the anisic acid molecule in the bound triple mutant structure. In addition, the only water molecule hydrogen bonded
to Nd1 of His48 is shown and it is 0.49 Å below the plane of the histidine ring.
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mutant with anisic acid bound, there are signifi-
cant perturbations in the five active-site water mol-
ecules, as addressed in the following two sections.

Anisic acid binds to the active site

Anisic acid is a simple organic molecule and its
chemical nature is completely different from the
inhibitors (specifically designed for PLA2) avail-
able in the literature. In the anisic acid-bound triple
mutant structure, the electron density is exception-
ally clear for all the atoms of anisic acid molecule
(Figure 4), allowing an informative description of
the interactions of the inhibitor molecule with the
surrounding protein atoms. The carboxylate
oxygen atoms of the bound anisic acid are located
between the catalytically important calcium ion
and the surface loop. The methoxy group of the
anisic acid molecule is located on the other side of
the primary calcium ion and is involved in inter-
actions with the residues in the entrance of the
active site. In the anisic acid-bound structure, one
of the carboxylate oxygen atoms replaces the
equatorial water molecule (W5) coordinated to the
calcium ion with hardly any structural pertur-
bation in the calcium coordination geometry
(Figure 4). The other carboxylate oxygen atom of
the inhibitor molecule is hydrogen bonded to the
phenolic hydroxyl oxygen atom of the residue
Tyr69, from the surface loop. Earlier crystallo-
graphic investigations revealed that the equatorial
calcium-coordinated water molecule is involved in
enzyme hydrolysis.1 – 3,30 A similar mode of binding
was observed earlier in the R-2-dodecanoylamino-
1-hexaanolphosphoglycol-PLA2 complex6 and in
the n-dodecylphosphorylcholine complex.7 It is
interesting to note that the above two inhibitors
are tetrahedral mimics of phospholipids. In
contrast to the earlier observations, the axial
coordinated water molecule is retained. The
calcium–ligand distances vary between 2.24 Å
and 2.70 Å, with an average of 2.43 Å, the longest
being that of the first ligand (2.70 Å) of Asp49.
The average temperature factor for the anisic acid
molecule is 37.1 Å2. Upon binding, the catalytic
water molecule was removed (Figure 4) and the
second water molecule had moved down (on the
plane of the imidazole ring of His48) to provide a
link between the oxygen atom of the anisic acid
and Nd1 of His48.

Conserved structural water molecule

The conserved structural water hydrogen
bonded to Ala1, stabilizing the interfacial recog-
nition site residues (Ala1, Pro68, Tyr52, Asp99 and
Tyr73), is missing (Figure 5(a)) when compared to
the earlier PLA2-inhibitor complexes,2,4 whereas it
is present in the free triple mutant structure
(Figure 5(b)). Previously, we have shown that the
conserved structural water molecule is missing
from the single mutant D99N,31 and from the triple
mutant Y52,73F/D99N.32 However, these crystal

structures clearly show the movement of the
residue Ala1 towards the void created by the con-
served structural water molecule. In contrast to
the above observation, there is no movement of
the residue Ala1 (Figure 6) in our present complex
structure though the conserved structural water
molecule is missing. The earlier studies on the
single mutant D99N31 and triple mutant Y52,73F/
D99N32 clearly demonstrated that the active-site
Asp99 is essential to preserve the conserved struc-
tural water molecule, which in turn stabilizes the
interfacial recognition site residues. All atoms of
the residues Ala1, Pro68, Tyr52, Tyr73, Asp99 and
His48 of free and anisic acid-bound triple mutant
structures superpose well (rmsd 0.18 Å). Lack of
the conserved structural water molecule does not
mean that it is actually not there. It could be there
but is more mobile and not detectable. By keeping
the above points in mind, we conclude that the
conserved structural water molecule missing from
the anisic acid-bound triple mutant structure
could be due to the crystallographic artifact.

Ordered surface loop

In most of the bovine pancreatic PLA2 and its
mutant structures studied so far,5,22,27,33,34 the sur-
face loop residues were always found to be dis-
ordered, except in the high-resolution (1.5 Å)
orthorhombic form26 of the recombinant PLA2.
Again in the present free triple mutant structure,
the electron density is not clear and the surface
loop residues are disordered. In contrast, the elec-
tron density for the surface loop in the bound triple
mutant structure is very clear and ordered
(Figure 3), except for the end atoms of the residue
Val65. A possible interpretation for this obser-
vation is that the surface loop in the bound triple
mutant structure participates in binding to the
anisic acid molecule and this, in turn, helped in
the ordering of the surface loop residues. As
pointed out above, the phenolic hydroxyl group of
Tyr69 hydrogen bonds with one of the carboxylate
oxygen atoms of the anisic acid molecule and
helps to anchor the inhibitor molecule in the
active-site cleft.35 Further studies are required to
understand the structural and functional basis of
the loop dynamics.

Binding of the MPD molecule from the organic
solvent used in crystallization to the “free” PLA2
was observed previously and is observed again in
the free triple mutant reported here. In the bound
triple mutant structure, the anisic acid molecule
occupies the active site (Figure 4), whereas the
MPD molecule in the free triple mutant structure
binds differently (Figure 2). One of the hydroxyl
groups of the MPD molecule is hydrogen bonded
to a water molecule, which is a natural ligand, to
the catalytically important calcium ion. The other
hydroxyl oxygen atom is involved in hydrogen
bonding with the main-chain carbonyl group of
Phe22 (which is in the entrance of the active site)
and the amide nitrogen atom of Gly30. The
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Figure 5. The electron density contoured at the 1.0s level showing the interfacial recognition site residues and their hydrogen bonding network in (a) the anisic acid-bound
and (b) free triple mutant structures. The only difference is that the electron density for the conserved structural water (SW) is missing from the anisic acid-bound triple
mutant structure.



interactions of the oxygen atoms of the MPD mol-
ecule in the free triple mutant structure are differ-
ent compared to the earlier reports.36

Conclusions

The three-dimensional crystal structures of the
free and the bound triple mutant (K53,56,120M) of
the recombinant PLA2 have been determined at
1.85 Å and 2.6 Å resolution, respectively. The over-
all fold of the two reported structures is similar to
that of the trigonal form of the WT PLA2 structure.
An interesting observation is that the surface loop
residues are ordered in the anisic acid-bound struc-
ture, while this loop is disordered in the free triple
mutant structure. In the bound structure, the anisic
acid molecule replaces the equatorial water
molecule involved in the calcium coordination.
Also, only one water molecule is hydrogen bonded
to His48 and is on the plane of the imidazole ring.
It is noteworthy that the conserved structural
water molecule is missing from the structure of
the complex, whereas it is present in the free triple
mutant structure. Whether it is caused by a crystal-
lographic artifact in the former case remains to be
determined. Three out of the five functionally
important water molecules are found to be miss-
ing. Though the organic molecule, anisic acid,
does not resemble the true tetrahedral mimicking
phospholipids, the present study opens a new
avenue for knowledge-based rational drug design
using simple organic molecules.

Materials and Methods

Construction of the K53,56,120M PLA2 mutant

The mutant PLA2 was generated by site-directed
mutagenesis. The following complementary sets of oligo-
nucleotides were used:

50 CATGATAATTGCTA TATGCAAGCTAAAAA
ACTT 30 (K53 to M)

50 TGCTATAAACAAGCTA TGAAACTTGATAG
CTGC 30 (K56M)

50 CACAAGAATCTTGATATGAA AAACTGTTAA
GCTT 30 (K120M)

The Quickchangee method by Stratagene was
employed using pET25b(m)-proPLA2 as template. First,
the single mutant K53M was generated, then the double
(K53/56M) and triple (K53/56/120M) mutants were
generated using the single mutant and double mutant,
respectively, as template DNA. The recombinant PLA2

protein was expressed in Eschericha coli BL21 (DE3)
pLysS strain (Novagen) as inclusion bodies, which was
refolded and purified as described.17,37

Crystallization, data collection, structure solution
and refinement of the free triple mutant K53,56,120M

Crystals of the triple mutant were obtained using the
hanging-drop, vapor-diffusion method at room tempera-
ture (293 K). The crystallization conditions were similar
to those described earlier.26 The intensity data were
collected using the area detector system powered by a
Rigaku generator at 44 kV and 70 mA. The atomic coor-
dinates of the trigonal form of recombinant PLA226

(PDB-id code 1MKT) were used as the starting model

Figure 6. Superposition of the
residues around the conserved
structural water in the free (thick
lines) and anisic acid-bound (thin
lines) triple mutant structures. It is
clear that the water molecule SW is
missing from the bound triple
mutant structure without any struc-
tural perturbation.
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for the refinement. A total of 896 reflections were used to
calculate the free R-value38 to check the progress of
refinement. A few cycles of the rigid body refinement
followed by 100 steps of Powell energy minimization on
the positions were carried out. The crystallographic
R-value dropped to 25.6% (Rfree ¼ 27.1%) without the
mutated residues for all reflections in the resolution
range 19.87–1.85 Å. The three residues Lys53, Lys56 and
Lys120 were mutated to methionine using the difference
electron density maps calculated at this stage. The
model was then subjected to simulated annealing using
residual function mlf as implemented in the refinement
package CNS (version 1.1).39 The functionally important
calcium ion and the MPD molecule were located. In all,
85 water oxygen atoms were located and included in
the refinement during the progress of refinement. The
final R-value was 19.3% (Rfree ¼ 23.2%). The final refined
model consists of 954 non-hydrogen protein atoms, one
calcium ion, 85 water molecules and one MPD molecule.
The necessary crystal data and relevant refinement
parameters are given in Table 1.

Crystallization, data collection, structure and
refinement of PLA2 1 anisic acid bound model

Crystals of the triple mutant PLA2-anisic acid
complex were obtained by co-crystallization, which was
carried out by the hanging-drop, vapor-diffusion method
at room temperature (293 K). The crystallization droplet
contained 5 ml of the protein at a concentration of 17–
20 mg ml21, in 50 mM Tris–HCl (pH 7.2), 5 mM CaCl2,
3 ml of 60% (v/v) MPD and 1 ml of anisic acid solution
(higher molar concentration) against the reservoir con-
centration of 70% MPD. The crystals were trigonal
(P3121) with unit cell parameters a ¼ b ¼ 46.61 Å and
c ¼ 102.68 Å (one molecule in the asymmetric unit).
X-ray diffraction data were collected from a single crystal
measuring 0.20 mm £ 0.30 mm £ 0.40 mm on our
in-house area detector at room temperature (293 K). The
data were integrated, scaled and reduced to 2.6 Å resol-
ution with DENZO40 and SCALEPACK.41 A total of
22,211 observations were recorded, which gave 3957
unique reflections to 2.6 Å resolution. The three-dimen-
sional atomic coordinates of the trigonal form26 (PDB-id
code 1MKT) solved at 1.72 Å were used as the starting
model to refine the present anisic acid-bound PLA2
model, since the molecular orientation and position of
this model in the unit cell were almost isomorphous
with those in the free triple mutant reported here. Out
of 3957 unique reflections, a total of 240 reflections were
kept separately for the calculation of Rfree, to monitor
the progress of the refinement.38 Twenty-five cycles of
rigid body refinement gave an R-value of 30.9%
(Rfree ¼ 34.5%). The difference electron density maps cal-
culated at this stage were used to locate the catalytically
important calcium ion and the three mutated residues.
In addition, the difference maps clearly revealed the
electron density for all the atoms of the anisic acid
molecule. During the progress of the refinement, 43
water oxygen atoms were picked and included in the
refinement. Simulated annealing omit maps were calcu-
lated (omitting 15 residues at a time) (as implemented
in the refinement program CNS(1.1)) and were used to
correct the protein model. The final protein-anisic acid
complex model contains 954 protein atoms (from 123
residues), one Ca2þ, 43 water oxygen atoms and one
anisic acid molecule. Refinement of the model including
the water molecules gave a final R-value of 18.7%
(Rfree ¼ 24.1%) for all reflections (without any sigma cut-

off) in the resolution range 19.98–2.6 Å. The molecular
graphics and modeling program FRODO42 was used
throughout the model building followed by the program
CNS(1.1) for refinement.

Data Bank accession numbers

The atomic coordinates and structure factors have
been deposited with the Protein Data Bank,43 Research
Collaboratory for Structural Bioinformatics, USA
(reference 1O3W for atomic coordinates and reference
R1O3WSF for the structure factors).

The atomic coordinates for the triple mutant complex
are deposited in the PDB as 1O2E, with R1O2ESF for
the structure factors.
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